Abstract. The paper deals with the kinematics problem of a four-degree-of-freedom manipulator and derives equations for forward and inverse kinematics. A simulation model has been created applying SolidWorks program. On the basis of modelling, a real object used for experimental research has been built. Numerical, analytical and experimental results have been compared.
Introduction
A manipulator is an arm system linked by joints and ended with a gripper device. The prototyping process of these types of appliances has been widely discussed in literature [1] . The idea of the project presented in the article was to work out the manipulator that transfers small elements and is built of easily accessible and inexpensive materials. The considered 4R class manipulator has four degrees of freedom. The construction had to be optimized so as to allow the transfer of materials with a weight of up to 500 g. As the basic material for constructing the manipulator, aluminium flats have been adopted. These elements with smaller weight have sufficient strength and resistance to plastic strain. In addition to the construction of the manipulator, 4 servomechanisms have been used. For experimental research, the manipulator has been equipped with additional accessories to determine the angular position of manipulator arms. Methods for acquiring and analysing data on this type of sensors have been described in [2] , [3] .
Forward Kinematics
The kinematic structure of the considered manipulator is shown in Figure 1 . When forward kinematics is pondered, then input parameters are the lengths of all members L1, L2, L3, L4 and angular positions α, β, γ, φ.
Coordinate systems in individual articulated joints have been assigned according to the DenavitHartenberg [4] , [5] algorithm. These coordinate systems are bounded to each other by parameters presented in Table 1 . 
In order to determine the kinematics of the manipulator, the transformations between successive coordinate systems are calculated: Fig. 1 . The kinematic structure of the considered manipulator P point (position of the gripping device) in coordinate system E e (effector-gripping device) has coordinates X e , Y e , Z e , whereas in the global coordinate system E w has coordinates X w , Y w , Z w . The equation that bounds the coordinates of P point in these coordinate systems has the form of: 
Assuming that X e = Y e = Z e = 0, on the basis of Eq. 5, the coordinates of the gripping device are obtained as:
Using the above relationships, the position and orientation of the gripping device in the global coordinate system can be calculated in accordance with the values of configuration coordinates.
Inverse Kinematics
In the case of the inverse kinematics of the analysed manipulator (Fig. 2) , input parameters are the lengths of all members L1, L2, L3, L4 as well as the position and orientation of the gripping device -P point (P x , P y , P z , η). Coordinates P x , P y , P z define the position of the operating point of the gripping device in the global coordinate system.
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For calculating articulated variables, auxiliary point P c has been determined:
Angle γ can be determined using the law of cosines as well as appropriate relationships occurring in the system:
where:
By selecting the sign in Eq. (9), the configuration of the elbow up and elbow down can be distinguished.
In order to calculate angle β, auxiliary angles δ and q can be determined. These angles are displayed in Figure 2 and are equal to:
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Between these angles, the relationship β = δ -q exists. Considering this relationship,
Angle φ is determined from relation:
Sample Results
The sample analysis of forward and inverse kinematics consists of carrying out simulation in SolidWorks program [6] , analytical calculation on the basis of the above introduced relationships and experimental research. The following dimensions of the manipulator L1 = 57 mm, L2 = 300 mm, L3 = 280 mm, L4 = 150 mm have been accepted. The trajectory simulating the processes of lifting, carrying and lowering details have been outlined in SolidWorks program (Fig. 3a) .
Experimental researches have been conducted on a specially prepared object (Fig. 3b ) created for this particular purpose and reflecting a model designed in SolidWorks [7] .
For experimental studies, encoders (systems for measuring the angular position of the arm) have been used. Communication between encoders and the unit registering motion parameters has been executed on the basis of the CAN open bus. In this system, each meter circuit has its own individual identification number. A program for communicating with meter circuits and data analysis has been written in Matlab that allows exchanging data with the external environment using only a few selected CAN interfaces. In order to exchange data between the possessed device IXXAT USB-CAN and Matlab package, special libraries and a communication program have been worked out in the C++ language. Requests from the model to get data, which reach the CAN bus through the communication program, are made. Then the program checks the response received from the real object. The presented method of signal acquisition was used in papers [2] , [8] . As meter circuits to determine the angular position of the arm, encoders with a measurement resolution of 3600 points have been used. Having identified the response from the selected sensor, the value of the variable describing its state is stored in the table.
The results of simulation, analytical calculations and experimental studies for three outermost positions of the gripping device are presented. 
Summary
This paper presents a comparison of the results obtained from simulation research, analytical calculations and experimental studies. The differences in the results occurring between the theoretical model and the real object have been caused by clearances that appear in the joints of the separate arms of the manipulator. The low precision of the workmanship of servomechanisms and voltage drops taking place when switching on servomechanisms also have an influence on the resulting errors.
